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Abstract

Retrotransposons are ubiquitous, generally dispersed components of eukaryotic genomes. These proper-
ties, together with their “copy and paste” lifecycle that generates insertional polymorphism without need
for excision, makes them widely useful as a molecular-genetic tags. Various tagging systems have been
developed that exploit the sequence conservation of retrotransposon components, such as those found in
their long terminal repeats (LTRs). To detect polymorphisms for retrotransposon insertions, marker
systems generally rely on PCR amplification between the termini and some component of flanking genomic
DNA. As complements to various “wet lab” protocols for retrotransposon tagging, in silico bioinformatics
approaches are useful for predicting likely outcomes from unsequenced accessions on the basis of reference
genomes. In this chapter, we describe protocols for in silico retrotransposon-based fingerprinting techni-
ques using the FastPCR software as an integrated tools environment for in silico PCR primer design and
analysis.
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1 Introduction

Interspersed repetitive sequences comprise a large fraction of the
genome of most eukaryotic organisms; they are predominantly
comprised of transposable elements (TEs) [1]. Among the TEs,
in both plants and animals, the retrotransposons, also called Type I
transposable elements, tend to predominate both by number and
by the share of the genome they occupy. These elements replicate
by a “copy and paste” lifecycle that leaves the mother element in
place in the genome while new copies are generated and propa-
gated. The remaining TEs are either DNA transposons, also called
Type II transposable elements, which replicate by a “cut-and-paste”
cycle of excision and reinsertion, or helitrons, which replicate by a
rolling-circle mechanism [1].
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In plant genomes, the Long Terminal Repeat (LTR) retrotran-
sposons (RLX, by the system of [1]) predominate by number and
share of the genome [2]. The RLX elements replicate and propa-
gate by a cycle of transcription, reverse transcription into cDNA,
and integration of the cDNA copies back into the genome [3]. The
lifecycle matches the intracellular replication phase of lentiviruses
such as HIV. The key proteins needed for replication—reverse
transcriptase, RNAse H, integrase—as well as the capsid protein
(Gag) that forms the virus-like particles are encoded by the RLXs
themselves. These, together with the motifs in the LTRs required
for transcription and integration and those in the body of the
element that are needed for reverse transcription provide conserved
domains that are suitable for identification of RLX families and for
PCR methods as described below. In addition to autonomous
copies encoding proteins needed for replication, there are abundant
groups of non-autonomous elements that retain only the signals for
transcription, reverse transcription, and integration [4].

Because RLX propagation is not linked to excision, genomes
diversify by the insertion of new copies, but old copies persist.
Large plant genomes contain hundreds of thousands of these ele-
ments, e.g., the barley [5] or gymnosperm [6] genomes together
forming the vast majority of the total DNA. Their abundance in the
genome is generally highly correlated with genome size. Elements
can be lost through intra-molecular recombination, often between
the LTRs, which can counter growth of genome size [7, 8]. How-
ever, intra-element LTR: LTR recombination leaves the joints
between RLXs and the flanking genomic DNA intact, and thus
does not affect their use in fingerprinting methods.

Human and other mammalian genomes also contain an abun-
dance of retrotransposons. The majority of these, however, are not
LTR retrotransposons but LINEs and SINEs, which replicate by a
different copy-and-paste mechanism called through target site-
primed reverse transcription [9]. The L1 family of LINE elements
and the Alu family of SINE elements comprise together roughly
30% of human genomic DNA in nearly 2 million copies [10]. In
addition, integrated retroviruses, which are remnants of ancient
infections, are also abundant in mammalian genomes. These ele-
ments, called “endogenous retroviruses” (ERVs, HERVs in
humans), are functionally equivalent to LTR retrotransposons.
The features of integration activity, persistence, dispersion, con-
served structure and sequence motifs, and high copy number
together suggest that retrotransposons are well-suited genomic
features on which to build molecular marker systems.

Various applications have been developed to exploit poly-
morphisms in TE insertion patterns. These applications are gener-
ally built on the principle of carrying out PCR using one primer
matching a conserved TE motif and the other matching variously a
TE motif, a conserved non-TE genomic feature, or an adapter such
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as for a restriction site [11]. For retrotransposons, perhaps the
earliest marker method (1990) was Alu-PCR or SINE-PCR,
which amplified between the end of Alu (SINE) elements and
some other feature [12, 13]. For plant RLXs, the first published
marker method, Sequence-Specific Amplified Polymorphism
(S-SAP or SSAP) amplified between the LTR of an RLX and a
restriction site adapter [14]. That was soon followed (1999) by
Inter-Retrotransposon Amplified Polymorphism (IRAP) and
Retrotransposon-Microsatellite Amplified Polymorphism
(REMAP), which produce PCR products, respectively, between
two RLX elements and between an RLX and a microsatellite
domain, such as (CA/GT)n or (CAC/GTG)n [15]. Methods for
RLXs generally use a primer near the LTR terminus and facing
towards the joint with genomic DNA, due to the size of the
elements (upwards of 8–9 kb). IRAP succeeds where pairs of ele-
ments are sufficiently close to generate PCR products; such sites are
fairly frequent at least in plant genomes. However, the method can
be made more general by mixing primers for RLXs and SINEs or
other elements in the same reaction.

A universal method requiring no species-specific sequence
information is the Inter Primer Binding Site polymorphism
(iPBS), uses the conserved PBS sites found adjacent to virtually all
RLX elements, and is akin in concept to IRAP [16, 17]. This and
all foregoing methods are anonymous, in the sense that the identity
and map position of marker bands are unknown. The
Retrotransposon-Based Insertional Polymorphism (RBIP)
method, in contrast, displays the presence or absence of a specific
TE insertion based on known flanking sequences [18]. While RBIP
is low-throughput, the Tagged Array Marker (TAM) adaptation
makes it possible to do multiple loci simultaneously [19]. Overall,
the TEmarker methods have been relatively well received. As of the
end of 2019, over 3200 papers have been published on the subject.

The development of the DNA sequencing technology and in
particular the emergence of high-throughput (“next-generation”)
sequencing has led to progressive accumulation of huge amounts
of raw genome sequence data, as well as the many assembled and
annotated prokaryotic and eukaryotic genomes. For this reason,
there is a growing demand for in silico approaches to extract useful
information from sequence data, process the information using
virtual tools, and predict experimental results already at the
planning stage of wet-lab experiments with unsequenced biological
accessions. One such approach is in silico PCR. The usual goal of
in silico PCR is to predict which PCR products are synthesized
from one or multiple DNA templates using already designed oligo-
nucleotide primers [20, 21].

This chapter describes the FastPCR software as a solution for
in silico transposon-based genome fingerprinting. Specific exam-
ples for the use of FastPCR to achieve high throughput in silico
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PCR assays on large amounts of data will be shown. We also provide
a quick start guide for immediate application of FastPCR for in
silico investigation of genomes during planning of experiments and
for prediction of expected results.

2 Materials

2.1 Software,

General Information

2.1.1 Supported

Platforms

and Dependencies

The online version of the FastPCR software (https://primerdigital.
com/tools/pcr.html) is written in Java with NetBeans IDE
(Apache) and requires the Java Runtime Environment with Open-
WebStart software (https://openwebstart.com/download/)
installed on the computer. The program can be used with any
operating system (a 64-bit OS is preferred for large chromosome
files). The stand-alone version of the FastPCR software (https://
primerdigital.com/fastpcr.html) can be used with Microsoft
Windows.

2.1.2 Downloading

and Installing

The online version of the FastPCR software requires the Java
Runtime Environment (https://www.oracle.com/technetwork/
java/javase/downloads/). Users need to add the URL (https://
primerdigital.com/) of this application to the Exception Site List
(https://www.java.com/en/download/faq/exception_sitelist.
xml), which is located under the Security tab of the Java Control
Panel (http://www.java.com/en/download/help/
appsecuritydialogs.xml). Adding this application URL to the list
will allow it to run after presenting some security warnings. Exis-
tence of the application URL in the Exception list allows users to
run Rich Internet Applications (RIAs) that would normally be
blocked by security checks. The exception site list is managed in
the Security tab of the Java Control Panel (see Note 1). The list is
shown in the tab. To add, edit or remove a URL from the list, use
the following:

l Click on the Edit Site List button.

l Click the Add in the Exception Site List window.

l Click in the empty field under Location field to enter the URL:
https://primerdigital.com/.

l Click OK to save the URL that you entered. If you click Cancel,
the URLs will not be saved.

l Click Continue in the Security Warning dialog.

Running and downloading online FastPCR software to a desk-
top computer using the OpenWebStart software (https://
openwebstart.com/download/). Users can run the software
directly from the WEB site: https://primerdigital.com/tools/pcr.
html. The program manual and files for installation are available on
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the internet at https://primerdigital.com/fastpcr/. The YouTube
tutorial videos are located at https://www.youtube.com/user/
primerdigital.

2.2 The Interface

2.2.1 Inputs to FastPCR

The software contains the menus, the toolbars, the ribbon, and
three text editors. The ribbon is designed to help users quickly find
the commands that are needed to complete a task. Commands are
organized into logical groups, which are displayed together under
tabs (Fig. 1). Each tab relates to a type of task, such as “PCR Primer
Design”, “in silico PCR”, and “Primer Test”.

Getting started with a basic project in the FastPCR software is
as easy as opening a new or existing file as well as a copy-paste or
starting to type. There are three independent text editors at differ-
ent tabs: “General Sequence(s)”, “Additional sequence(s) or
pre-designed primers (probes) list”, and “Result report”. The two
first text editors are necessary for loading sequences for analysis.
The “General Sequence(s)” text editor is designed for working

Fig. 1 Input for FastPCR, primer sequence editor, and user interface
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with the project sequences; the “Additional sequence(s) or
pre-designed primers (probes) list” text editor is appropriate for
special and additional sequences, such as pre-designed primers,
multiple query sequences, or for the numbers for input.

2.2.2 Sequence Entry The program takes either a single sequence or accepts multiple
separate DNA sequences in FASTA (http://blast.ncbi.nlm.nih.
gov/blastcgihelp.shtml) or text file format (tab delimited). The
FASTA format is preferred; it is simply the raw sequence proceeded
by a definition line. The definition line begins with a “>” sign that
can be optionally followed by a sequence name of any length and
amount of words with no space in between. There can be many
sequences listed in the same file. The format requires that a new
sequence always starts with a new “>” symbol. Degenerate DNA
sequences are accepted as IUPAC code that is an extended vocabu-
lary of 11 letters that allows the description of ambiguous DNA
code [22]. Each letter represents a combination of one or several
nucleotides: M¼(A/C), R¼(A/G), W¼(A/T), S¼(G/C), Y¼
(C/T), K¼(G/T), V¼(A/G/C), H¼(A/C/T), D¼(A/G/T),
B¼(C/G/T), N¼(A/G/C/T), U¼T and I (Inosine) (seeNote 2).

2.2.3 Program Output The FastPCR software automatically generates results in the third
text editor, which are named as “Result report”. The results are
produced in a tabulated format for transferring the output to a
Microsoft Excel sheet from a clipboard using the copy-paste
method or for saving them as .XLS or .RTF text files, compatible
with both MS Excel and Open Office.

3 Methods

Stable hybridization of a primer to the template DNA is essential
for primer extension by DNA polymerase. Mismatches affect the
stability of the primer-template duplex and the efficiency with
which the polymerase extends the primer. Although any mismatch
affects PCR specificity, mismatches at the 30-end of a primer have a
profoundly detrimental effect on primer extension. A two-base
mismatch at the 30-end of the primer results in PCR failure. There-
fore, our algorithm pays particular attention to the 30-end of the
primer and calculates its similarity to the template with a user-
defined level of stringency.

The user can define the desired size of the PCR product. By
default, the distance between the forward and reverse primers
ranges from 50 to 5000 bases. PCR product size prediction is
possible for linear or circular templates as modeled for standard,
inverse, or multiplex PCR. The algorithm accepts single or multiple
DNA sequences as primers or amplification targets.
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Primer melting temperatures (Tm) for in silico PCR experi-
ments with oligonucleotides that have mismatches to their targets
are calculated using averaged nearest neighbor thermodynamic
parameters [23–26]. The optimal PCR annealing temperature
(Ta) is calculated as the value for the primer with the lowest Tm

plus the natural logarithm of the PCR product length [21].

3.1 In Silico PCR

Analysis Steps

Running in silico PCR analysis by FastPCR is a stepwise process. A
user has the ability to set all the parameters required to run in silico
PCR analysis interactively:

1. Select a task type on the ribbon—“in silico PCR”.

2. Input user data

(a) All target sequences to be used for the in silico PCR search
should be pasted in the “sequences” TAB text area.

(b) The entire the list of primer sequences should be pasted in
the “additional sequence(s) or pre-designed primers
(probes) list” TAB text area.

3. Choose an algorithm

(a) By default—uses the standard algorithm to search for sites
of stable primer binding within the target.

(b) Probe search.

(c) Linked search.

4. Set parameters

(a) By default—“PCR product prediction” and “show all sites
matching the primer.”

(b) For whole genome analysis—select “Show only amplicon
lengths”.

(c) Change the “Length range of PCR product (bp)” to
100–3000.

5. Run.

6. Visualize results.

3.2 Additional

Options Relating

to Representation

of the Analysis Results

The additional configuration settings allow optimization of the
search for primer or probe binding sites and increases the represen-
tativeness of the results. This is determined mainly by the following
parameters:

“Show all matching sites of primer binding”—checked by default,
the software shows the result including all sites in which the
primer would stably bind to the target. Although, given partic-
ular specified assay conditions, the primer combinations would
not necessarily be able to produce a PCR product, the user can
nevertheless examine the stability of primer binding sites, the
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primer orientations, and the site coordinates in the target (see
Note 3).

“Show alignment only for primers able to produce PCR prod-
uct”—in the previous option, all primer binding sites were
represented; here, the primer analysis will report back only
those matching the target and able to produce a PCR product.

“Show only amplicon lengths”—checking this option allows the
user to collect only amplicon lengths without analysis of the
sites primers match the template. This option is recommended
for use with in silico analysis of whole genomes or of full
chromosomes, or analyses with highly abundant repeated
sequences.

“Linked (associated) search”—programmable searching, when
binding sites for primers or probes are searched within a deter-
mined distance.

3.3 FastPCR

as a Robust Solution

for In Silico PCR

Assays

3.3.1 Example

for Validation

of the Software

We used the NCBI database of genome sequences (https://www.
ncbi.nlm.nih.gov/genome/browse/) as a target set and retrotran-
sposon primer and probe sequences as query sets. The use of
subsets of retrotransposon sequences allowed us to assess how the
software handles complex tasks such as in silico degenerate PCR
and linked searching. The software is compatible with single-primer
methods, such as SINE-PCR, IRAP, REMAP, ISSR, and RAPD,
which are based on TEs and sequence repeats; it is also compatible
with methods that utilize multiple primers, such as LAMP and
multiplex PCR. It is likewise compatible with retrotransposon-
based genotyping and DNA fingerprinting methods. Primer and
probe lengths can be set to between 12 and 500 nucleotides. The
maximum PCR product (amplicon) length is limited only by the
polymerase processivity and not by the software. Analysis results
include PCR product sequences and their lengths and Ta, and are
presented separately for nuclear DNA, plastids, and mitochondrial
DNA. Another application of the software is detection of plasmid
sequences based on the ends of an integrated sequence. For this
purpose, sequence fragments flanking an insertion should be used
instead of primer sequences and the “probe search” option should
be selected in the software.

3.3.2 In Silico PCR

Application: An IRAP

Example for the Maize

Genome

To carry out an in silico IRAP analysis on the maize genome, the
latest public chromosomal sequences (B73 RefGen_v4) were
downloaded (https://www.ncbi.nlm.nih.gov/genome/12) to the
same file folder. For in silico IRAP analysis, we used a single LTR
primer corresponding to a sequence highly conserved in the RLXs
examined with the default options. The length of potential PCR
products varied from 100 to 3000 bp and allowed a single mis-
match within the 30-termini of the LTR primers.
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The FastPCR software was used for in silico IRAP in the
following way:

1. Launch the FastPCR software.

2. Open all files from folder from Menu-File: “working with all
files in folder” (Ctrl-J). Automatically, the program will receive
an indication of these files and determine the total number of
files and the total size of all sequences.

3. The primer list of sequences should be pasted in the “additional
sequence(s) or pre-designed primers (probes) list” in next TAB
text area. When the target sequences or primers list is recog-
nized by the program, the software will indicate features of
these sequences, such as format, length, СG% content, Tm,
and so on. Primer names can contain any character, but only
one space. Furthermore, names of primers even can be
identical.

4. Select the “in silico PCR” ribbon. Optionally, the user can
specify search options, including stringency and PCR product
detection options. Select “show only amplicon lengths” and
change the “length range of PCR product (bp)” to 100–3000.

5. Execute the search task by clicking F5 or Run in the drop-
down menu.

3.3.3 Results

Interpretation

Once the in silico PCR analysis is complete, the results will appear
in the third Tab Result text editor as In silico PCR Result, when
any target has been found from the designated genome or
sequences. The results in the In silico PCR Result text editor
reports the specificity of the primers (locations, including target
position, similarity, and Tm) and a summary of primer pairs in
relation to the PCR template, as well as detailed information on
each primer pair, including its length and Ta. A description line of a
primer begins with “In silico primer(s) search for”: followed by
target name and FASTA description of target genome sequence.
The description line of a template begins with a “>” sign followed
by its identification. In a query, the primer begins without a “>”
sign, but includes its identification and original sequence. It found
the actual targets of the primers will be listed along with detailed
alignments between the primers and targets.

Features of the individual reports for the query primers include
representations of their alignments with the target sequence. The
actual target fragments will be listed along with detailed alignments
with linked query sequences and detailed information on each
query sequence including locations on target position and similarity
to the primers. Alignment of query primers to their target template
will be shown along with their starting and ending coordinates.
Nucleotides on the template that perfectly match with the aligned
query are embodied by a vertical bar and those mismatched
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nucleotides are given as a colon (at least similarity 60%) or by a
space. The products are grouped by the target template they are
found in. One or multiple products will be displayed with product
sizes and Ta, including both original primer sequences in FASTA
format and the target position and orientation.

Depending on the task being run, the user can get full infor-
mation about all potential primer binding sites within the DNA
target and within the PCR template. For whole genome analysis,
such full information can be redundant. In this case, the summary
of each primer pair and the length of amplicons will be sufficient.
Results can be saved using the “Save as” function in the menu File
or can be copied and pasted into any text editor for further study.

4 Notes

1. In order to enhance security, the certificate revocation checking
feature has been enabled by default (starting from Java 7).
Before Java attempts to launch a signed application, the asso-
ciated certificate will be validated to ensure that it has not been
revoked by the issuing authority. This feature has been imple-
mented using both Certificate Revocation Lists (CRLs) and
Online Certificate Status Protocol (OCSP) mechanisms.

Optionally, users can download self-signed certificates file
(https://primerdigital.com/j/primerdigital.cer) and import it
to “Signer CA” (Certificate Authority) from the Java Control
Panel. Finally, users need to set “Security Level” to “High”
under the Security tab of the Java Control Panel (as it is shown
on the picture: https://primerdigital.com/image/
primerdigital_certificate_big.png).

2. The user can type or import data from file(s) into the “General
Sequence(s)”, “Additional sequence(s), or pre-designed pri-
mers (probes) list” editors. In the FastPCR software, users
have several options for how open a file while starting the
program. The user can open the original file as read-only to
work with text editors, or open a file to memory without
opening to text editors, which allows the user to open a larger
file(s).

For genome analysis, users can open all files from a selected
folder and the program will open each file while executing the
task without opening it to a text editor. When a sequence file is
open, the FastPCR software displays the information about the
opened sequences and the sequence formats. The information
status bar shows the number of sequences, total sequence
length (in nucleotides), nucleotide composition, and the
purine, pyrimidine, and % CG contents.
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3. In some cases, users can use the options of “probe search” or
“advanced (linked) search”:

“Probe search” helps the user execute a search of binding
sites not only for primers but also for probes (e.g., TaqMan,
Molecular Beacon, microarray, etc.). The default value of
K-mers in this analysis is set to equal 9 with a maximum single
mismatch within the K-mer. This option recommended for use
in cases where primer binding sites are not found or for
searches of probe binding sites for which only for part of
sequence is expected to be complementary, e.g., for Molecular
Beacons (neither terminus is complementary to the target).
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